Abstract-We outline the benefits and challenges of using angle diversity in nondirected wireless infrared (IR) communications systems. Multiple transmitter beams and multiple narrow field-of-view receivers reduce the path loss, multipath distortion, and background noise of the channel, which leads to improved range. We also discuss practical considerations for multielement angle-diversity systems, including channel characterization and suboptimal detection techniques. Maximal-ratio combining provides nearly optimal performance up to 100 Mb/s for the angle-diversity systems considered. The design and performance of a prototype angle-diversity IR communication system are discussed. The prototype can maintain 70 Mb/s at a P e of 10 9 over a 4-m range.
I. INTRODUCTION
H IGH-SPEED wireless communication inside buildings can be achieved using nondirected infrared (IR) links [1] . Nondirected links, which consist of wide-beam transmitters and wide field-of-view (FOV) receivers, eliminate the need to point the transmitter and receiver at each other. Such links are made more robust if they are designed to use non line-of-sight (LOS) paths (via illumination of the ceiling or walls) instead of, or in addition to, the LOS path [1] , [2] .
The conventional approach to nondirected IR links is depicted in Fig. 1(a) . A detector with a wide FOV collects unwanted ambient light along with the desired signal. Steady light sources, such as the sun and incandescent lamps, lead to white, nearly Gaussian shot noise; modulated light sources, such as fluorescents, give rise to cyclostationary noise. Also, a wide FOV receiver collects not only the primary illuminated spot, but also signals that have undergone two or more reflections, and are thus delayed. This process, while increasing the collected signal power, introduces multipath distortion.
We consider the use of a multibeam transmitter and multiple nonimaging receivers [3] - [5] . As shown in Fig. 1(b) , a detector array of narrow FOV detectors, which together cover the same FOV as a single, wide FOV detector, can reject ambient light that does not coincide with the signal. Further, the multipath Multiple narrow FOV receivers cover a wide FOV but reject ambient light that does not coincide with the signal, and reduce multipath distortion since most of the delayed light from multiple bounces will not coincide with the primary signal. Multiple transmit beams reduce path loss and increase signal-to-noise ratio (SNR) by concentrating the signal within a single receiving element.
distortion is reduced since a smaller fraction of the delayed light lies within the same FOV as the primary signal. The use of multiple beams reduces path loss as compared to a single wide-beam transmitter [5] , and is particularly effective when combined with narrow FOV receivers since these receivers can then collect the concentrated signal while rejecting the more diffused noise 0090-6778/00$10.00 © 2000 IEEE sources. Our goals are to characterize the effect of multipath distortion and noise on high-speed IR links, to examine transmitter and receiver design using practical optical and optoelectronic techniques, to demonstrate with an experimental system the effectiveness of angle-diversity IR systems, and to explore related implementation issues.
In Section II, we outline both optimal signal detection and potential suboptimal alternatives. In Section III, we examine the effect of transmitter and receiver design on performance and channel characteristics, and evaluate signal detection choices. Section IV describes the design, implementation, and performance of a prototype angle-diversity communication system. Conclusions are presented in Section V.
II. SIGNAL DETECTION AND COMBINING
The transmitted signal is transmitted on channels, using binary pulse-amplitude modulation (PAM) on a pulse
The impulse response of channel is , which includes the responsivity factor and the time response of the photodetector. The data is a sequence of symbols , the symbol interval is , and the received signal is of the form (1) where is the convolution of with . Assuming the symbols 0 and are transmitted with equal probabilities, the average transmitted power is . Here, is a zero-mean stationary Gaussian noise process with a power spectral density (PSD) . The processes and are jointly independent for all . This model is applicable to intensity-modulation direct-detection systems.
A. Maximum-Likelihood Detection
In this section, we describe how to obtain a single sequence that are sufficient statistics for maximum-likelihood sequence detection (MLSD) of [6] . Define the whitening filter to be the inverse Fourier transform of , where we assume that is strictly positive everywhere, and the matched filter is Applying to each channel reception , summing, and baud-rate sampling yields the sufficient statistic [7] (
and by defining (3) we can arrive at the equivalent discrete-time representation
We note that the noise is not white, i.e., We will refer to the process of generating as matched-filter combining (MFC).
We find a spectral factorization of , i.e., , where is chosen to be monic, minimum phase, and causal, and we apply the noise-whitening filter to the sequence to obtain a more useful sufficient statistic . We can write (5) where are determined by , by construction, and is white with variance . Given the sequence , the optimal detector performs MLSD to estimate . At high SNR, the error probability of MLSD is given approximately by , where is an error coefficient that is usually of order unity [8] . The squared minimum distance is given by (6) where is a nonzero sequence of error symbols .
B. Combining and Equalization
We consider simple alternatives to both MFC and MLSD with the goal being to provide near-optimal performance with techniques that are practical to implement. We will consider selection combining (SC), equal-gain combining (EGC), maximal-ratio combining (MRC), and minimum mean-square-error combining (MMSE) as alternatives to MFC. Unequalized threshold detection and zero-forcing decision-feedback equalization (ZF-DFE) will be discussed as alternatives to MLSD.
In MFC, we apply a filter to each channel reception, and then sum the outputs. For SC and MRC, we replace this filter bank with a combiner, i.e., a bank of gains followed by a summer, and apply a common filter The result is an effective receiver filter for channel of . In EGC, the are equal to some constant. We will use a five-pole low-pass Bessel filter for , and use cutoff frequencies that are appropriate for the data rate used and for the detection method employed.
The resulting equivalent discrete-time system is given by (4) , where (7) and (8) Here, is the Fourier transform of .
We define the signal-to-noise ratio of channel and the SNR of the combined channel to be (9) (10)
When
, then these simplify to
We have incorporated the receive filter so that the SNR is considered in the traditional way in the SC and MRC algorithms, and so that the effects of nonwhite noise are correctly accounted for. On an ideal channel with and additive white Gaussian noise with two-sided PSD , the optimal choice of would be , a filter with rectangular impulse response of width , and the probability of bit error is . Then we would have , or recalling that , as in [1] . MRC maximizes the SNR over all possible choices of (to within a scale factor) and the maximizing weights are (13) Hence (14) The MMSE combiner is the vector that minimizes the expectation of (15) where . The solution is and
Here, is the inverse -transform of .
When linear memoryless combining or MFC is employed, the error probability of unequalized detection of on-off keying (OOK) is given by [9] (18) where is the inverse -transform of , is the largest element of , and are the remaining nonzero elements in . By construction, the sequence is causal, although the original sequence is not necessarily so. In general, is of infinite extent, but in practical cases, we can truncate it after tap . For the purpose of computing (18), it is more efficient to select the taps with the largest amplitudes rather than a block of contiguous taps.
The probability of error of a symbol-rate infinite-length ZF-DFE [8] is given by , where is the geometric mean of and we assume no errors in the feedback path, which will be a very good approximation in the low region of interest.
III. TRANSMITTER AND RECEIVER DESIGN
We wish to quantify the potential advantages of using multiple narrow-beam transmitters and multiple, narrow FOV receivers, namely, elimination of noise sources and multipath. We consider two categories of link configurations: vertically oriented systems that rely on reflections from the ceiling and other surfaces, and horizontally oriented systems that primarily rely on an LOS path between at least one transmit beam and one receiver element.
We consider transmitters with generalized Lambertian radiation patterns of order , where the transmit power per steradian at an angle from the normal is given by (19) and is the total power. Such beams can be generated using diffusers or more efficiently with computer-generated holograms [1] . The receivers use ideal optical concentrators [10] , which provide optical gain at the expense of a narrower FOV. The effective area at an angle of an optical detector of area with an ideal optical concentrator of refractive index and cutoff angle is given by
One implementation of a nearly ideal optical concentrator is a compound-parabolic concentrator (CPC), which provides an effective area at an angle that is well modeled [11] by (21) where and . We denote the total detector area of the receiver by and the area of a particular detector by . Throughout this section, cm and the refractive index of the optical concentrator is . The total transmit power is 0.6 W. The most important systems under consideration are shown in Fig. 2 , which show the radiation pattern of the transmitter in watts per steradian and the effective area of the receiver as a function of angle. There are four vertically oriented systems shown and one horizontally oriented system. For the vertical systems, we consider two options for the transmitter. The first (T1/60) has a first-order Lambertian radiation pattern and is pointed directly at the ceiling. It has average transmitted optical power and a half-power semiangle (HPSA) of 60 . The second (T8/10) uses eight separate narrow beams with 37 elevation from horizontal and 45 azimuthal separation angles. They are modeled as generalized Lambertian-pattern transmitters with HPSA of 10 . The average transmitted optical power of each beam is . We also consider two options for the receiver. The first (R1/60) is a p-i-n photodetector with area and an ideal nonimaging optical con- centrator with 60 cutoff angle, refractive index , and an optical filter of bandwidth . The second receiver (R8/20) uses an array of eight p-i-n photodetectors, each with area and ideal 20 nonimaging optical concentrators with the same refractive index and optical-filter bandwidths as for the single receiver. They are oriented with 45 elevation angles and 45 azimuthal separation angles. We will refer to the four different configurations of transmit/receive pairings as T1/60-R1/60, T1/60-R8/20, T8/10-R1/60, and T8/10-R8/20, respectively.
The best performing horizontal system is also shown in Fig. 2 . This system (T8/30-R8/31) uses six equal-power 30 HPSA transmit beams equally spaced in the horizontal plane. In addition, two such beams are pointed straight up to provide connectivity when the vertical separation of the transmitter and receiver is such that the LOS link is not present. The receiver (R8/31) uses eight 31 optical concentrators, seven of which are horizontally oriented and the last pointed up. The horizontal receiver elements must have significant overlap in their FOV in the horizontal plane because of the sharp cutoff in their directivity. Although there are a total of 20 possible pairings of the 5 transmitters and 4 receivers considered, we have considered only 5 pairings. The other 15 possibilities either have obviously mismatched characteristics of transmitter and receiver or were tested and shown to have consistently poorer performance than a similar pairing.
A. Modeling Rooms: Surfaces and Noise Sources
To evaluate the effect of the transmitter and receiver design on multipath mitigation, we consider a room representative of a medium-sized open office, shown in Fig. 3 . It is 6 m (east to west) by 10 m (north to south) with 3-m ceilings, where the west wall is a single large window. We assume that the signal source has a center wavelength of 806 nm and that optical filters are employed that effectively block all light outside of the range 780-830 nm. The source linewidth is insignificant relative to the bandwidth of the optical filters.
We model the walls, ceiling, floor, and window 1 as Lambertian reflectors of reflectivities 0.6, 0.7, 0.2, and 0.04, respectively. Further, these surfaces act as ambient light (noise) sources. They are modeled as planar Lambertian transmitters with emissions as shown in Fig. 3 , based on measurement data [7] . We also include eight ceiling 100-W tungsten floodlights, positioned as shown in Fig. 3 . Measurements of these lamps [7] show that an excellent model for their radiant intensities is a generalized Lambertian [1] pattern of order with optical spectral density of W/nm. The background-light induced shot noise has double-sided PSD where A/W and is the irradiance of the background light on the detector surface. We calculate according to (22) where is the spectral radiant emittance at of surface , is the angle between the normal of the emitter and the receiver-emitter line, is the angle between the normal of the detector and the emitter-detector line, is a five-tuple representing the position and orientation of the receiver, is a five-tuple representing the position and orientation of lamp point noise source , is the distance between receiver and source, and the function is given by (20). We must take into account, in addition to the background noise sources, the receiver noise spectrum with photodiode capacitance appropriately accounted for. We assume a transimpedance preamplifier with a bipolar junction transistor in the first stage, and the capacitance of the photodiode is where pF/cm . We model the double-sided PSD of the thermal noise in each receiver as [7] (23) where A, k , pF, , , and mS.
B. Channel Characterization
We evaluate channel impulse responses using the recursive impulse response calculation described in [12] , with two extensions, the first allowing for multiple transmit beams and the The temporal dispersion of an impulse response can be expressed by the channel root-mean-square (rms) delay spread . The T1/60-R1/60 configuration had the highest delay spread, 2.5 ns, and lowest SNR, 12.2 dB, of the four configurations considered. Going to a multiple-beam transmitter (T8/10-R1/60) increases the SNR by 3.0 dB and reduces the delay spread to 1.7 ns. The T1/60-R8/20 configuration increases the SNR compared to T1/60-R1/60 by 1.6 dB for SC and by 3.3 dB for MRC. Also, the delay spread of the channel for SC is only 0.9 ns and the delay spread of the composite MRC channel is 1.3 ns. The best performing vertical configuration in terms of both SNR and delay spread is T8/10-R8/20, which achieves an SNR of 15.6 dB for SC and 19.4 dB for MRC. The delay spreads of the horizontal system T8/30-R8/31 are 0.9 ns for SC and 1.2 ns for MRC. The SNR for this system is 19.4 dB.
A better perspective on how delay spread and SNR vary with receiver position within a room is obtained by plotting their values along a diagonal of the room, as is done in Figs. 4 and 5. The transmitter is located in the center of the room at a height of 1.5 m. The diagonal position is the horizontal distance from the receiver to the transmitter along the southeast to northwest diagonal, and the delay spread is the rms delay spread of the MRC-combined channel. The single-receiver systems exhibit a general increase in delay spread as the receiver moves away from the transmitter to the edge of the room. The multiple-element receivers have lower MRC-combined channel delay spreads than the single channel of single-element receivers, especially further away from the transmitter. This is especially important due to the trend of decreasing SNR shown in Fig. 5 . Also, the multiple-element receivers exhibit less east-west asymmetry in delay spread due to the low reflectivity of the window; for the R8/20 receiver, this is because the MRC-combined channel is dominated by light reflected from the ceiling, and for the R8/31 and R8/40 receivers, it is because the MRC-combined channel is dominated by the LOS path.
The sudden drop in delay spread of the MRC-combined channel of the horizontal system at diagonal positions near 1 m is best explained in conjunction with the SNR curve of Fig. 5 . The T8/30-R8/31 system loses its LOS link at horizontal separations of less than 1 m due to the 0.5-m height difference in the locations of transmitter and receiver, resulting in a 10-dB SNR drop. This explains the necessity to have some vertically oriented transmit and receive elements even for horizontally oriented systems. The effect of the increased noise from the window has opposite effects on horizontal and vertical systems. The vertical systems exhibit decreases in SNR near the window relative to the far side of the room, but the SNR of the horizontal systems increase. This is because in the horizontal systems, the signal and the increased noise are on opposite sides of the receiver, and hence go to different receivers when the receiver is near the window. When the receiver is in the southeast corner, the horizontal receiving elements with a view of the transmitter are also pointing at the window and so the SNR is reduced. The ceiling-oriented multiple receiver (R8/20) exhibits the least effect from the window. The SNR is slightly degraded on the window side due to the increase ambient noise from the ceiling and walls on the west side of the room.
C. Range and Error Performance
Previous work [2] , [13] has lead to the conclusion that the performance of nondirected IR channels can be predicted by the SNR and delay spread. The power penalty due to ISI is defined in this multiple-channel case as the additional power required to achieve for the channels , suitably combined, relative to the power required for the channels , i.e., the ISI-free channels with the same optical gain.
The expected relationship between power penalty of OOK (unequalized and ZF-DFE) and the rms delay spread of the MRC-combined channel for the vertical systems holds. Hence, the power penalties agree with each other and the ceiling-bounce model developed in [13] . Although the horizontally oriented systems show a general increase in power penalty with delay spread, the power penalty scatter is quite large and the values do not coincide with the vertical systems or the ceiling-bounce model.
We look at two measures of error performance: range and power margin. Range is defined as the horizontal distance the receiver can lie from the transmitter in any direction while still achieving a of 10 . Power margin is the excess transmit power for achieving the goal of ; a negative power margin in decibels indicates one needs additional power to achieve . The range as a function of the data rate is depicted in Fig. 6 for MFC-MLSD. At data rates of 10 Mb/s and less, all of the systems surpassed throughout the room and so achieved a range of 5.2 m. The T8/30-R8/31 system achieves the largest range for data rates between 30-90 Mb/s, and the T8/10-R8/20 system achieves the largest range at speeds greater than 90 Mb/s. The advantage of spreading the light on the ceiling can be seen by comparing the range of the T8/10-R1/60 system to the T1/60-R1/60 system, and the advantage of multiple receiving elements (at high bit rates) can be seen by comparing the range of the T1/60-R8/20 system to the T1/60-R1/60 system.
The power margin for OOK at 100 Mb/s using MFC-MLSD detection is plotted in Fig. 7 for the southeast to northwest diagonal. The power margin curves are similar to the SNR curves along the same diagonal; the differences are due to the differing multipath characteristics. The T1/60-R8/20 and T8/10-R8/20 systems show better power margin performance relative to others than one would predict from the SNR curves. The Fig. 3 , along the southeast to northwest diagonal. The 0.6-W transmitter is located in the center of the room 1.5 m from the floor, and is sending 100-Mb/s OOK. Fig. 8 . Power margin at P = 10 for covering the room shown in Fig. 3 with a 0.6-W transmitter, which is located in the center of the room 1.5 m from the floor. OOK with MFC-MLSD is employed. "Room coverage" is defined for receiver locations over the center 90% of the room in a plane 1.0 m above the floor.
same asymmetry properties that appeared in the SNR curves are present in the power margin along the diagonal. One can get insight on why the range at 100 Mb/s is best for the T8/10-R8/20 system from this graph. Although on the northwest diagonal, the T8/30-R8/31 system has a better margin and on the southeast diagonal, the T8/10-R1/60 system has a better power margin, the T8/10-R8/20 system achieves the highest "range" on the diagonal. Of course, the true range is the minimum over all such rotational slices of the power margin surface, and so the range along the diagonal will be greater than the true range.
The MFC-MLSD OOK power margin as a function of data rate is plotted in Fig. 8 . The power margin is for coverage of the center 90% of the room. By this measure, the horizontal system clearly outperforms the vertical systems-it is at least 2 dB better than any of the vertical systems considered at all data rates between 10-150 Mb/s. The maximum data rate for room coverage for the reference transmit power of 600 mW varies from 12 Mb/s for T1/60-R1/60 to 65 Mb/s for T8/30-R8/31; the T8/10-R8/20 system achieves 25 Mb/s. The significant differ- Fig. 9 . Power margin at P = 10 for various combining and detection methods of the T8/10-R8/20 and T8/30-R8/31 systems in the room shown in Fig. 3 . 100-Mb/s OOK is employed.
ence between horizontal systems and vertical systems in power margin can be understood by examining the power margin at the far ends of the northwest diagonal shown in Fig. 7 . Not only is the power margin of the horizontal system higher than the vertical systems there, the downward slope is not as extreme.
One can evaluate the performance of combining and equalization techniques by examining the power margin for room coverage in Fig. 9 . The power margin graph shows that MMSE is better than MRC for unequalized operation and high data rates. MMSE and MRC perform similarly when followed by a ZF-DFE. The penalty for employing MRC ZF-DFE instead of MFC-MLSD at 100 Mb/s is 0.2 dB for T8/10-R8/20 and is 0.8 dB for T8/30-R8/31.
IV. A PROTOTYPE ANGLE-DIVERSITY SYSTEM
We have built a prototype angle-diversity IR communications link that is most similar to the T8/10-R8/20 system considered previously. The system employs nine receiving elements and eight transmit beams. The system was primarily designed to operate and was tested at 70 Mb/s, but it could be operated at transmission rates of 10 Mb/s up to 100 Mb/s. The transmitter sends OOK pulses using intensity modulation and the receiver employs direct detection. The system was tested in the two rooms depicted in Fig. 10 . The first is a conference room with large windows on the south and west walls, and the other, a brightly lit optical laboratory.
A. System Design
The transmitter described in [14] was modified to produce eight steerable, collimated beams. The maximum fully modulated average transmitted optical power of each laser is 75 mW, for a resulting total power of 0.6 W. The center wavelengths of the transmit beams vary from 805 to 808 nm and the 10-dB linewidths vary from 2.4 to 3.4 nm. The transmit beams have an elevation angle of 70 , which when aimed at the ceiling produce a ring of eight spots with diameter 1.9 m in Room 400 and 1.1 m in Room 173.
The implementation of a single-receiver element is depicted in Fig. 11(a) . The receiver optics consist of an optical filter, a The filter is mounted to the CPC with optical cement, and the CPC is mounted to the photodiode with thermoplastic. 2 The photodiode has a silicon dioxide antireflection coating with a quarter-wave thickness at 830 nm.
The photocurrent is amplified using a 2.5-k transimpedance amplifier based on the Comlinear 425 operational amplifier. The receiver 3-dB bandwidth is 70 MHz, limited by the time constant of the feedback resistor and stabilizing capacitor. Re- 2 The optimal refractive index of the thermoplastic is n = 1:54 [7] ; the n = 1:44 material was the best available.
ceiver noise is modeled as in (23), except that pF/cm for this photodetector, and cm . Hence, the total source capacitance is 24 pF due to the addition of stray capacitance to the detector capacitance. The model predicts a two-sided input-referred current noise density of 2.55 pA/ Hz near DC; the measured values of the nine receivers range from 2.51 pA/ Hz to 2.66 pA/ Hz with a mean of 2.57 pA/ Hz. As discussed in [15] , one could get better performance by increasing the thickness of the photodiode, thus decreasing its capacitance but at the same time decreasing its bandwidth due to transit-time limitations.
The nine receivers are arranged such that one points vertically toward the ceiling, and the other eight are in a ring with 45 elevation and 45 azimuthal separation angles. The combiner array is implemented using an array of Comlinear 522 variable-gain amplifiers, and the gain of possible tap weights is 0.01-4.1, a 52-dB dynamic range. The combiner array weights are controlled with nine analog voltages in the range 2.1-1.0 V, which are generated using a personal computer analog output board employing a parametric channel estimation technique [7] .
Although fluorescent lights do not contribute significantly to shot noise in the receiver, due to their electronic ballasts, they produce periodic interference [16] in the spectrum from 22 kHz to 1.0 MHz. If not mitigated, this interference can cause 2.0-dB optical power penalty in this system when the signal spots are near ceiling fluorescent light fixtures [7] . A 1.6-MHz first-order high-pass filter removes the interference, and quantized feedback (QF) mitigates the baseline wander caused by the filter. The measured penalty from the QF system is 0.2 dB, and when the QF loop is employed, the penalty due to fluorescent light noise is reduced to 0.1 dB. The QF system is depicted in Fig. 11(b) .
The detection and error estimation implementation is also shown in Fig. 11(b) . We perform unequalized detection using a five-pole low-pass Bessel filter with 35-MHz bandwidth. The error estimate is formed by using a four-quadrant multiplier with differential inputs that subtracts the received signal from the comparator output and squares the result. This squared error is sampled at the eye opening by multiplying with a narrow-pulse clock signal and low-pass filtered with a 2.6-kHz first-order filter. The estimation technique is implemented using a 4-kHz analog-to-digitial sampler.
B. Channel Characterization
The system was tested in the room depicted in Fig. 10(a) , a conference room with large windows on the south and west walls. The 3-dB cutoff frequencies of the strongest two channels are 80 and 65 MHz, respectively. The weaker channels have 3-dB cutoff frequencies of about 10 MHz, but since the SNR in these channels is low, the additional multipath in these channels does not affect the overall magnitude response of the combined channel, which has a 75-MHz 3-dB cutoff frequency. The shape of the main lobe of these impulse responses is dominated by the windowing function used to estimate the impulse response from the noisy frequency response. The delay spread of the windowing function is 2.4 ns, so this limits our ability to measure smaller delay spreads. The delay spreads of the two strongest channels are 2.8 and 4.7 ns, respectively. The delay Probability of error as a function of receiver-to-transmitter distance along room diagonal in the room depicted in Fig. 10(a) . Fluorescent light and bright skylight from two windows are present. The bit rate is 70 Mb/s, and OOK is employed.
spreads of the other channels range from 9 ns to 11 ns. Delay spread can also be estimated through the ISI power penalty and the 3-dB frequency, both of which have strong dependence upon delay spread. Both of these estimates imply that the actual delay spread of the first channel is 1.0 ns.
C. Range and Error Performance
Probability of error as a function of distance is shown in Fig. 12 . The range achieved at 70 Mb/s is 4.2 m, and is independent of orientation angle of the receiver. Bright sunlight and fluorescent lights were both present in this test, but the measured curves with the sun blocked and fluorescent lights are essentially the same as those shown. Shadowing was done as in [14] , by placing a human figure 30 cm away from the receiver in the direction of the transmitter. The performance with shadowing could be improved by providing additional spreading of the transmit beams and by increasing the elevation angle of the receivers, but this would result in a reduction in the unshadowed range.
Probability of error versus received irradiance for SC, EGC, and MRC is shown in Fig. 13 . MRC increases the sensitivity by 1 dB over SC and by 2 dB over EGC. In the presence of bright skylight, EGC would perform even more poorly.
V. CONCLUSIONS
Multiple transmit beams and narrow FOV receiver elements can improve the performance of nondirected wireless IR links. This performance improvement is due to the reduction in background noise and from reduced multipath distortion in such systems. The improvement is manifested in all of the metrics considered here-reduced delay spread, increased SNR, increased power margin for room coverage, and increased range.
Vertically oriented systems are ideal at high data rates when range is the primary consideration. They are best suited when LOS links are apt to be blocked. They are also useful in very large rooms where one cannot cover the entire room with a single transmitter and so one would need to use multiple transmitters in a cellular pattern. The rapid drop in SNR that these Fig. 13 . Probability of error as a function of the average irradiance at the receiver, in the room depicted in Fig. 10(b) , which also shows the location of the transmitter "t" and receiver "R." The room has bright fluorescent lights and no skylight.
systems exhibit is a benefit in this context as intercell interference will be reduced. The horizontally oriented systems, which employ multiple directed horizontal beams, provide the best power margin for covering medium-sized rooms. However, they rely on an LOS path for successful operation.
The prototype nondirected IR system achieves a 4.2-m range at 70 Mb/s. The improvements in performance predicted by analysis are also exhibited by this prototype, and the method for parametric estimation of the combiner tap weights with lowcomplexity hardware implementation was successfully demonstrated.
The primary problem with the receivers described in this paper is the size of the optical elements required, although alternative concentrators exist [17] that have better size versus gain characteristics. Another possible approach would be to use a single lens-based imaging receiver [5] rather than a collection of separate nonimaging concentrators.
